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INTRODUCTION 
HE USE of i\ dischnrRe tube ne n stniidard nource 
of microwave noise power has been suggested by 
Mumford‘ and othersz4 with justifiable recog- 

nition of its merits; it is stable, convenient, easily 
adapted to microwave systems, and has a large excess 
temperature. There is one drawback, however, which 
precludes its use as a primary standard a t  present. I n  
order to qualify as a primary standard of a quantity, a 
device must have its parameters related to the sig- 
nificant fundamental units of length, mass, time, etc., 
through an accepted systeni of theoretical equations.’ 
Although the noise temperature is very nearly deter- 
mined by the electron temperature of the plasma in the 
discharge tube, and the electron temperature has been 
calculated approximately,’-’ this calculation hardly 
satisfies the requirement of being “through an accepted 
system of theoretical equations.” 

Accordingly, the black body radiator through 
Planck’s Radiation Law still remains the primary 
standard against which others must be calibrated for 
high accuracy. In  this paper, a procedure will be de- 
scribed for calibration of the discharge tube against a 
black body standard by means of an improved radiome- 
try technique, and the black body itself will be dis- 
cussed. 

THE RADIOMETER 
Fig. l(a) is an  illustration of the null-balance type 

* Received hy the PGI, Jiily 22, 1960. Presented a t  the 1960 
Confereiireoii Staticl;\rcls aiicl l<lectroiiic Measiireiiieiits as piipcr 4-3. 
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Fig. l-(a) Block diagram of symmetric null-type radioincter. (h) 

Block diagram of nonsymmetric null-type radiometer. 

radiometer.’”--’* This type seems to offer the best starr- 
ing point for a highly precise radiometer in  that gain 
and linearity of the receiver amplifier and detector law 
do not appear in the balance equation or to a first orrlcr 
in  the error equation. Several advantages result from 
modifying the radiometer to the configuration i n  1;iq. 
l (b ) .  The signal paths for both the standard aiitl tlic 
source under test are more nearly identical. Tlic iiisrr- 
tion loss of the attenuator is eliminated as a sourcc of 
uncertainty, since an attenuation difference nic;isurc- 
ment is now made. Asymmetries in the junction OF tlic 
arms, time vxnztions i n  the mismatch of the nio ( l i i 1 . i~ -  

ors, x c l  rcc.4 Lsr rliisiii;ltch now do not enter itito tlic 
error .:nnI:&.J ~ i i c  system docs hcpciid, Iiowcvcr, OII 

the waveglide sv, itch being repeatable to tlic tlosirctl 
degree of accuracy. 

Ferrite modulators have been used in a scheme stir11 
as this.” These : rather convenient to use; howevcr, 

10 J .  J. Freeman, “Noise comparator for microwaves,” Radio n d  
Television Ncros, Radio Electronic Engrg. Sect., vo!. 49, p. I I :  
1953. 

H. Sutcpffe, “Noise measurements in  the 3-cm wavehand i i S i i i R  
a hot soiirce, [’roc. IEE,  vol. 10,1B, pp. 673-677; September, l O S 6  

I* V. A. Hughes, “Absolute calibration of a standard tempcratrire 
noise source for use with S-band radiometers,” Proc. IEE,vol. Inl l l ,  
pp. 669472; September, 1956. 

la C .  D. Ward, private communiiaticn. 
14 Based upon  a suggestion bv l\t. M. Anderson, NBS, Boirldrr, 

Cnlo. Althoii h inwfficiently precise for our purpose, this offrrq AII 

excellent met8wl for a iess demandinR radiometer. 



Fig. 4-Sample chart recording, which illiistratcs scilsitivity anti stability. 

that an error of eveii as niucli as l0C i n  TA emtributes 
a t  most 0.004 db to the final result. 

The calibration of the attenuator can be performed 
as accurately as the attenuator resettability. By the 
operational technique in use, the attenuator readability 
and resettability throughout the range used is within 
0.002 db. The most serious part of the attenuation error 
is that due to mismatch of a n  attenuator operating be- 
tween imperfectly niatched source and load. While the 
attenuator used was creditable by ordinary standards 
(having a VSWR of about 1.1), such a mismatch places 
stringent requirements on both of the isolptors in  order 
to keep the mismatch error to within 0.01 db. A refined 
reflectometer technique" was used to tune these isolators 
with five-stub tuners to the required match over the 
frequency band of interest. Tlie waveguide switch and 
flange mismatch errors were also evaluated by the re- 
flectometer technique. A third five-stub tuner located 
between the waveguide switch and the first isolator 
permits a source mismatch of up to I ' , = O . O l ,  still keep- 
ing Aa well under 0.01 db. The minimum Aa error is 
actually limited by waveguide switch repeatability and 
is estimated a t  0.002 db, based upon measurements. 

The following procedure is used in making a com- 
parison. With the waveguide switch putting the un- 
known source into the system, the precision attenuator 
indicator is set on one of the calibrated lines in the 
vicinity of 11 db. Tlie balance attenuator is then ad- 
justed for null output. After the waveguide switch is 
changed to the "standard" source, the precision attenua- 
tor is rentljustcd to null. The sccoiitl balance occitrs with 
tile nttciiuiitor SCL i i i  i\ riillKc wliicli is ci1lil)rittc(l cvcry 
1/t 00 db;  lieitce, tlic difference nieasurenieii t is deter- 
mined to better than 1/100 db. 

Fig. 4 shows a measure of the sensitivity of the 
radiometer to small unbalances. I t  is operating a t  a 
power level about 4 d b  above that of the standard 
source with a time constant of about one minute on the 

1' R. W. Beatty, C. F. Engen, and W. J.  Anson, 'Measurement 
of reflections and losses of waveguide joints and connectors using 
microwave reflectometer techni ues," this issue, p. ,219. A swept 
frequency adaptation of the reaectometer technique was used for 
preliminary tuning, and then point-by-point measurements were 
used to confirm the results. 

output rccorrlcr. Tlic liinit of rcsolrition i R  wrll lviiliiii 
the requirement of 0.01 db. It sliould be noted tliiit tlic 
most serious excursions of the output are associatcd with 
line voltage surges and not with, the stochastic fluctua- 
tions which are discussed in Dicke's paper [l]. 'This 
is a consequence of the exceedingly high gaiii used i n  
this system-of the order of 180 db. While the system 
theoretically operates a t  a null, in practice it must, ol 
course, have a small unbalance sigiial present. 

THE PRIMARY STANDARD 
While there have been attempts to devise other forms 

of primary noise standards (such as the mercury drop 
impulse geiierator),'* the approximate black body emit- 
ter remains the most accurate and dependable primary 
standard.of noise. I n  microwave usage, it consists of a 
well-matched termination inserted into suitable h i ~ h -  
temperature waveguide,, all of which is heated by a 
furnace. This waveguide is in turn connected through 
waveguide of low thermal conductivity to a water- 
jacketed cooling section of waveguide. Such an assembly 
is shown in Fig. 5. 

e. .. I . -. . .  . 
Fig. 5-Illristrntion of hot load (exploded). 

1) Tlic hot 1o;id is conlposctl of vitri6cti-l)otitl silicwi 

c;irl)i(le of i ~ l ) l i ~ o ~ i ~ ~ i i \ t ~ l ~  1.50 grit, L\hile t l~c  xrit s i m  
docs not sceiii to be critical, tlic vitrifictl boiid is IICWS- 

sary to withstand the high temperature. 
Various shapes of loads, such as center taper points, 

E-plane wedges and H-plane wedges provide reasonaid y 
good matches. The requirements held foremost here 
were: first, a good match: second, a large area i n  coii- 
tact with the waveguide for efficient heat transfer; atid 
third, that the leading edge or point be a t  the wave- 
guide boundary rather than in the center of the wave- 

R. H. George, Purdue University, Lalayette, Ind., Progrecs 
Rept. No. 30; 1QS1. 
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they are susceptible to external magnetic fields and do 
!lot possess the best stability. In  the present system, two F' - .  rotary vane attenuators, as illustrated i n  Fig. 2,  have 
been modified to serve as modulators by reniovitig the 
stops and by replacing the bearings with others niore 
suitable for continuous rotation. A sixty-cycle syn- 
chronous motor drives these by nieans of toothed pulleys 
and timirig belts which serve to maintain a 90' clif- 
ference between the orientation of the two vanes. The 
tesult is n wxlulntiaii eyatetii with low insertlati loss, 
Iiigh percentage of iiiotluliitioii, good stability, aiicl n 
good impedance match throughout the raiige of 
Rttenuation.  

A detailed block diagram of t h e  modified radionietcr 
is shown i n  Fig. 3. A balancing attenuator and a refer- 

, ence source, a dischiirge tube, appear to the left of 
the magic tee i i i  the diagram. The average noise-power 
output of the reference source is assutiicd. to remain con- 
stant throughout the time of the measurement. This has 
been shown experimentally to be a good assumption. 
The balancing attenuator is used to facilitate setting the 
precision attenuator to a convenient level. 

The precision attenuator assembly is located to the 
right of the magic tee and is decoupled from the rest of 
the system by approximately 40 db  of isolation on both 
sides. Broad-banded tuners on either side of the attenua- 
tor serve to minimize the mismatch error." 

The balanced mixer is followed by a low noise pre- 
amplifier and amplifier, both of which have a center 
frequency of 30 mc and a nominal bandwidth of 8 mc. 
The detected output from the IF amplifier is fed to an 
ultra-stable, high-gain, 30-cps synchronous amplifier.1@ 
Finally, the output of the synchronous amplifier is put 
through an adjustable damping circuit and observed 011 

a strip-chart recorder. 
The balance equation of the radiometer can be de- 

rived by equating the noise power a t  the output of the 
right arm of the radiometer with the etandard switched 
in  to that seen when the unknown is switched in. The 
excess temperature of the unknown is related to the ex- 
cess temperature of the standard by the balance 
equation 

where 
T5 is tlie temperature of standard source as seen 

TX is the temperature of the unknown source at 

TA is the ambient temperature and temperature 

at-at is the attenuation difference, corresponding to 

a t  its terminal surface, 

a. its terminal flange, 

of the waveguide system, 

the two settings of the precision attenuator, 

1' R. W. Beatty, 'Mismatch errors in the measurement of ultra- 
high-frequency and microwave variable attenuatom," J .  Res. NBS, 
vol. 52, pp. 7-9; January, 1954. 

I* N. Lamen, report in preparation. 
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Fig. 2-Illustration of modulators. 
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Fig. 3-Detailed block diagram of modified radiometer. 

Aa is the difference in decibels between the 
insertion loss of the path frpm the terminal 
flange of the noise tube mount to the first five- 
stub tuner and the terminal surface of the 
standard to that tuner. 

By insuring adequate decoupliilg following the pre- 
cision attenuator, tlie oiily random errors entering, to a 
first order, into tlie radiometer set-up are those implicit 
in  the variables and paranieters of (1). These are 1) ail 

uncertainty of TA,  2) an uncertainty in T B ,  which will 
be discussed in the next section, 3) an error i n  C Y Z - C Y ~ ,  

which can be caused by mismatch, by calibration, atid 
by limitation of resettability, 4) the fact that the  two  
paths from the standard and from the unknown to the 
first five-stub tuner and load isolator differ slightly iri- 

troduces a small error, Ac db, because of the different 
insertion loss of the two paths. 

Let us consider in detail these sources of,error. The 
error in the ambient temperature can be held to wi th in  
a small fraction of a degree, by keeping the entire system 
in a temperature controlled room and monitoring the 
temperature a t  the attenuators. By taking the differ- 
ential with respect to TA of the left side of (1). we can see 
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Ruide. Since the tip of the load is subject to sollie heat 
erosioii and indelicate handling, it should be located 
wI1erc its sharpriess least affects the match. I n  considera- 
tiori of tlicst requirements, tlie load finally selected was 
a diagonal wedge about four inches long. The voltage 
rcllcction coefficient ranged from 0.01 to 0.002 for vari- 
ous loads. 

2 )  The selcction of a high-temperature waveguide 
material is limited to relatively few choices: Incoilel, 
s tni 11 less steel, nickel , pla ti n u in, rliod i u ni , pal lad i u 111, 

silver, and gold, and plating or firing on various bases 
iiirliiding ceraltlics, are all possible. Plating processes, 
Iiowcvcr, arc friirly uiiccrtnin, not only nn to ntlhcaiotl a t  
high teniperatures, but also for conductivity extrapola- 
tion to high temperatures. The most desirable choices 
are silver and gold, because of their high electrical con- 
ductivities, I n  order to operate the load a t  as high a 
temperature as possible, gold was finally chosen. The 
waveguide was formed of 0.025-inch sheet. Inasmuch 
as it is used in a dead-soft condition, the position of the 
waveguide is vertical to minimize sagging , The surface 
conductivity was measuredf7 a t  room temperature after 
annealing, and a n  extrapolation was made to high 
temperatures for the necessary attenuation figures.lD 
The use of a material with high electrical conductivity 
relaxes the accuracy requirements on this extrapolation. 

3) The transition section was made of 0.010-inch 
nickel sheet, because the more desirable silver or gold 
plating on inconel or stainless steel tended to blister or 
peel a t  these temperatures. The electrical character- 
istics of th is  three-inch section were obtained in  the same 
method as those of the gold section. 

The furnace, as shown in Fig. 6, was constructed of 
uncemented firebrick with a minimum thickness of 73 
inches for proper insulation. The chamber is cylindrical, 
six inches in diameter by eighteen inches long. The 
vertical surface of the chamber is formed by an alumi- 
n u m  oxide core on which are wound three zonal Ni- 
chrome heating elements. To facilitate uniform heating, 
a pile-grade graphite cylinder surrounds the waveguide 
and fills this chamber. The temperature is monitored by 
calibrated plati i~um/plati i iu~n-l~ per cent rhodium, 
therniorouples. Four of these are located i n  the graphite 
and three niore are inserted into slots from the lower end 
of the hot load. Finally, to determine the temperature 
distribution along the waveguide, additional thernio- 
couple measurements were made a t  various points of the 
waveguide. I n  order to reduce convection losses, a mica 
window was placed between the nickel waveguide sec- 
tion and the water-jacketed section. 

The effective noise temperature a t  the terminal sur- 
face (which we define as the interface between the 
nickel section and the water-jacketed section) of the 
primary standard is calculated as follows: The curve of 
temperature vs distance (as measured along the wave- 
guide from the tip of the hot load) is approximated by a 
series of segments of constant temperature. I t  can be 

1' D. M. Kerns and R.  W. Hedberg, "Propagation constant in 
rectangular waveguide of finite conductivity," 1. Appl.  Phys., vol. 25, 
pp. 1556-1551; December, 1954. 

sliown*O that the noise temperature a t  the output of tjic 
nth segment is 

- T c n + I , ,  = 1 0 - A * / '  Tna(,+/4.S4 - 1) + Tn, 7 (2)  c 
where 
T., is the noise teniperature a t  the input end of the 

A n  is the total attenuation of the waveguide coni- 

7'.# is the avcrajic wall temperature of that segmcnt. 

I f  A n  is small, tlie expression for Tcn+I,, can bc cx- 
pantled i i i  powers of A ,  to firnt order w i t h  i icg l ig i lh  
error 

T(n+l), = Tn, - 0.23An(Tm, - T n a ) .  ( - 3 )  

I n  this manner, the total reduction in temperature of 
the rioise power can be calculated for the length of wave- 
guide connecting the hot load to tlieaterminal surface. 
I n  order to evaluate the error in this calculation, the 
total differential of (3) is taken as follows: 

nth segment, 

prising that section, expressed i n  db, and 

- 

ST(n+l,, bTn, -. 0*23An(Tn, -. 6T.U). (4) 

D 

I 

Fig. &Details of furnace. A. Copper wnvegriitle section with watrr 
jacket. B. lVater jacket. C. Firebrick insulation. D. Alumiiiiiin 
oxide core with nichrome windings. E. Thermocouples. F. i'ilc 
graphite lincr. G. lnconel heat reflector. H.  Hot load. 

lo J.  E. Sees, "Fund$mentals in Noise Source Calibration at 
Microwave Frcqriencics, Naval Res. Lab., Washington, D. C., Nl7L 
Rept. No. SO51 ; 1958. 
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Tllc ,,pld waveguide is approximately 10 inches i n  
Icllgt[l fro111 the end of tlic hot load to its flatlge; its wall 
t~liipcrature drop is about 230°C. The resultant drop in 
lloisc tcriipcratirre along its length is about 2°C. This can 
bc calculated accurately enough to contribute an error of 
less than 1°K. The nickel waveguide, on the other hand, 
maintains the balance of the wall temperature drop 
across its three-inch length. This adversely affects the 
error introduced, as seen from (4). I n  addition, the wall 
temperature range passes through the Curie point of 
nickel where the behavior of the permeability is not 
known to a high degree of accuracy. This leads to a n  
crror in  tlra eitlculittad noire tciiipcrntura drop that cnn 
be as much as 3°K for the last two inches of the nickel 
waveguide. 

RESULTS 
One of the commonly used noise sources in the labora- 

tory in the WR-90 waveguide size is,the Betidix Type 
TD-11 discharge tube. Nine tubes of this general type, 
but quality controlled by the manufacturer to closer tol- 
erances, were measured a t  9800 Mc by the technique de- 
scribed. Preliminary measurements of these tubes a t  
200.0 ma discharge current indicate a n  excy?, hoise 
ratio, (Tx/290) - 1 (in the mount), of about & -  db 
above 290°K. The total variation among all tubes was 
0.03 db. The mount used was a selected commercial 10' 
E-plane type having a reflection coefficient of approxi- 
mately 0.01. The back side of the mount was termi- 
nated with a load having a reflection coefficient of 0.005. 
The hot insertion loss of the tube (about 30 db  attenua- 
tion) was such as to make effects of the temperature and 
mismatch of the back load less than 0.01 db. The results 
reported here are not corrected for mount  attenuation. 
Fig. 7 is,an illustration of the complete system. 

-, ,., . I . -~~ . 

Fig. 7-Illustration of complete system. 

DISCUSSION AND CONCLUSIONS 
A system has been described which is capable of ex- 

ceedingly accurate noise measurements. The sources of 
error fall into the usual categories of random and system- 
atic errors: The random errors detailed previously can 
cause a limiting uncertainty of about 0.01 to 0.02 db. 
These are principally centered in the mismatch errom 
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assoriatctl with the precisioii attenuator and with tile 
wavcKuitlc swi tcli and associatcd flanges. Wit11 I ~ I C  
prcsctit state of the art, the most refined tcclir1iciltc-s 
were ncctlcd to reduce the attenuation misniatcIi c-rrnr 
to allow;il)le tolerances. Construction of a prccisioll - 
tenuator of hettcr match characteristics and/or lontl iso- 
lators of better match worrltl afford a simple partinl so111- 
tion. We recognize, though, that those used rcprcscttt 
close to the liniit of present commercially avaiInIiIc 
components. Consequently, the best solution may lie iii 
the direction of reducing the over-all frequency l ) ~ I i i ( i  

which niust be matched with stub toners. This call IN: 
cloiir c i I  tier b y  rcclticiiig die iiitcriiiedinte lrcqucliry aii(1 
accepting a narrower bandwidth arid consequent loss of 
signal power, or by using a broad-band distributed 
amplifier in  place of the IF  amplifier.zl 

The more serious limitations of the system lie i n  the 
systematic errors that are insufficiently known. Though 
no results can be reported as yet, investigation is being 
carried out on the following factors: 

1) Change in calibration of the precision attenuator 
either suddenly because of movement or gradually with 
aging. 

2) Change in calibration of the platinum thermo- 
couples due to crystal growth and migration as a result 
of repeated heating." 

3) The attenuation of the section of nickel waveguide 
is proportional to the square root of its microwave rela- 
tive permeability. Above the Curie point (about 380"C), 
the material can to a good approximation be assumed 
paramagnetic: below the Curie point, however, a de- 
tailed knowledge is necessary to calculate accurately its 
attenuation. 

4) The effect of harmonics of microwave frequencies. 
Although the crystal conversion loss is increased a t  har- 
monic frequencies, it is still probably sensitive enough 
to detect such components. If the precision attenuator 
calibration a t  these harmonic frequencies differs frotii 
that a t  the fundamental, a source of error is introduced. 
This is particularly true if  higher modes, TEso, TI&, etc., 
are introduced by the sources. 
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